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SUMMARY 

When  thermal  or  other  types  of  environmental  cycles  are  performed  in 
an  environmental  chamber  for  evaluating  the  reliability  of  an  electronic 
equipment,  the  equipment,  environmental  chamber,  its  controllers,  and 
other  components  form  a  part  of  and  behave  as  an  environmental  chamber 
process  system.  Because  of  the  complexity  of  modern  environmental  facil¬ 
ities  and  the  need  for  reliable  data  simulating  operational  usage  of 
electronic  equipment,  it  is  important  that  the  "environmental  process 
control  engineer"  obtain  as  much  analytical  information  as  possible  on 
the  environmental  control  capability  of  the  chamber  system  before  per¬ 
forming  the  actual  evaluation. 

This  paper  presents  a  systems  engineering  analytical  method  of  eval¬ 
uating  the  response  of  an  environmental  chamber  system  to  a  thermal 
environment  step  input.  In  addition,  this  paper  presents  the  advantages 
and  disadvantages  of  using  alternatives  for  various  types  of  control 
actions.  Emphasis  is  placed  upon  the  effect  of  the  electronic  equip¬ 
ment  and  other  components  of  the  system  acting  as  thermal  load  disturb¬ 
ances  to  chamber  environmental  controllers. 
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TECHNICAL  NOTE 

AN  I’  RODUCTION  TO  ENVIRONMENTAL 
CHAMBER  SYSTEMS  ENGINEERING 

By  Alvin  R.  Saltzman 


INTRODUCTION 

In  recent  years  the  application  of  computers  and  automatic  control 
systems  for  modem  electronic  weapons  systems  have  increased  tremendously. 
As  the  applications  have  increased,  the  demands  placed  upon  the  associated 
environmental  systems  have  also  increased  and  have  taxed  severely  the 
ability  of  environmental  designers  to  analyze  existing  systems  or  to 
synthesize  new  ones. 

There  has  been  a  growing  realization  that  before  detailed  design 
work  is  initiated,  a  thorough  evaluation  should  be  made  of  the  environ¬ 
mental  performance  desired  (particularly  thermal),  of  the  effectiveness 
with  which  the  proposed  system  will  accomplish  the  environmental  task  to 
be  performed,  and  of  the  interrelations  of  the  various  portions  of  the 
proposed  system.  In  view  of  the  above,  the  need  for  a  systems  engineer¬ 
ing  approach  to  environmental  problems  is  quite  apparent. 


PROGRAM  FOR  ENVIRONMENTAL  SYSTEM 

EVALUATION  OF  AVIONICS  EQUIPMENT 

The  Bureau  of  Naval  Weapons  has  formulated  a  program  of  unit  oper¬ 
ations  of  environmental  engineering1*8  as  a  basis  for  determining  perfor¬ 
mance  and  acceptance  of  aeronautical  electronic  equipment  systems  for  the 
fleet.  This  program  is  being  implemented  through  the  formulation  of 
analytical  and  environmental  specifications  (such  as  thermal  design  Spec¬ 
ification  No.  MIL-T-23103(WEP)a  )  which  will  require  vendors  of  Navy 
aeronautical  electronic  equipment  to  prove  that  their  equipment  meets 
service  requirements  on  a  systems  basis.  A  verification  environmental 
specification  and  environmental  report  will  also  be  required. 

This  paper  deals  with  the  development  and  the  studies  required  to 
obtain  a  system  approach  for  environmental  evaluations  of  electronic 
systems  using  environmental  chambers  to  simulate  specific  environmental 
conditions  or  the  transient  environment  of  aircraft  missions. 


1.  Progress  Sapor t,  Development  of  Cooling  Specifications  for  Airborne  tlectronic 
Iquipnent,  Report  to.  M  ADC- ML- 59 113 

2.  Saltenan,  Alvin  S.  -  Analytical  and  Snviromental  Cooling  Specification  for  Airborne 
tlectronic  Shipment  Aero/Space  Sngineering,  Tol  19,  Mo.  8,  pp  38  to  12,  Avgust  1958 

3.  Spec  Mo.  MIl-I-23103(MIP) ,  "thermal  Design  Performance  M valuation,  Airborne  tlectronic 
tquipeent,  General  Requirement  for" 
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Qnoe  the  eleotronlo  equipment  le  in  the  chamber,  It  beoomee  part  of 
an  environmental  chamber  system  process,  and  many  questions  about  systems 
oontrol  need  to  be  answered  through  systems  analysis  techniques  before 
the  tests  are  performed.  These  questions  include: 

1.  Does  the  chamber,  with  the  equipment  in  it,  have  sufficient  capaolty 
to  provide  the  required  simulated  environmental  conditions? 

2.  Are  the  controllers  adequate  to  provide  sufficient  control  of  the 
chamber  conditions  during  all  transient  environments  with  and  without 
the  electronic  operating  equipment? 

3.  Under  what  conditions  or  operations  can  the  chamber  control  system 
use  just  on-off  control? 

li.  When  is  proportional  control  alone  required  and,  likewise,  when  are 
combinations  of  proportional  rate  and  reset  required? 

5.  When  will  certain  control  actions  cause  instability  of  the  environ¬ 
mental  process? 

6.  What  are  the  inherent  lags  and  time  constants  of  the  environmental 
chamber  system,  and  how  do  these  compare  with  actual  aircraft  compartment? 

7.  What  types  of  lags  or  time  constants  could  be  added  to  the  chamber 
system  to  provide  better  stability  and  control  of  environmental  conditions? 

8.  Under  what  conditions  will  the  electronic  equipment  act  as  a  disturb¬ 
ance  to  the  control  system  and  cause  oscillation  and  instability? 

The  analytical  procedures  for  evaluating  an  environmental  chamber 
process  and  determining  the  degree  of  ac  cur  a  ay  that  the  chamber  will 
follow  the  program,  once  tests  are  initiated,  involves  the  developing 
of  transfer  equations  that  show  interrelationships  among  the  various 
components  of  the  environmental  process  .system.  Because  of  the  complex¬ 
ity  of  the  system,  it  is  difficult  for  many  chambers  to  make  this  type 
of  analysis.  There  is,  however,  a  combination  experimental  and  analyti¬ 
cal  method  of  sinusoidal  analysis  that  has  practical  application  and 
offers  considerable  simplification.  The  application  of  this  technique 
is  the  main  subject  of  this  paper. 

In  1923,  H.  Nyquist's  theoretical  treatment  of  feedback  amplifier# 
utilised  the  response  of  components  and  systems  to  steady-state  sinus¬ 
oidal  excitation,  or  frequency  response  as  it  is  more  usually  called. 

This  frequency  response  approach  in  combination  with  the  Ziegler-Nichola 
process  reaction  curve  technique  (subsequently  described)  provides  an 
important  basis  for  handling  environmental  oontrol  problems.  Sinus¬ 
oidal  response  may  be  plotted  in  several  ways.  The  rectangular  v.plots  of 
gain  versus  frequency  and  phase  angle  versus  frequency  are  the  most 


lyrist,  H.,  Ball  System  technical  Journal  11, pp  189  to  W  (1938) 
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common.  They  are  termed  Bode  plots.  This  type  of  plot  will  be  used  in 
tbs  thermal  environmental  problem  (subsequently  defined)  and  the  method 
of  analysis  will  be  called  the  "Zeigler-Nichols-Bode  Method." 

Ziegler-Nichol/  on  the  basis  of  studies  of  a  variety  of  systems, 
proposed  that  systems  generally  oan  be  characterized  by  the  apparent 
"dead  time"  and  the  maximum  reaction  rates  of  their  transient  responses. 

Ciair  method  is  primarily  an  experimental  open-loop  test  of  a  system 
on  manual  operation.  This  open-loop  test  is  used  to  determine  the  mag¬ 
nitude  of  the  apparent  dead  time  and  apparent  time  constant.  The  dosed 
loop  is  opened  at  a  pqint  immediately  following  the  controller  (figure  l), 
and  the  entire  system  is  a  steady  state  at  the  normal  operating  values  of 
all  variables.  Generally  the  loop  is  out,  just  after  the  controller 
mechanism,  by  employing  the  manual  control  apparatus.  A  step-change  of 
the  manipulated  variable,  m,  is  introduced  and  the  result  of  this  change 
is  recorded  at  point,  b,  just  before  the  controller.  Thus,  a  step-change 
response  is  obtained  for  the  open-loop  system  excluding  the  controller 
itself. 

The  recorded  open-loop  transient  response  is  almost  always  an  S- 
shaped  curve,  figure  1.  The  zero  point  of  the  step-change  must  be  care¬ 
fully  marked.  The  open-loop  response  may  be  approximated  by  making  the 
measurements  shown  by  figure  1. 


THE  ZIEGLER-NICHOLS-BODE  METHOD 
OF  ANALYSIS 

For  an  example,  let  us  assume  that  a  certain  electronic  equipment 
has  reached  the  stage  where  its  reliability  has  to  be  evaluated  under 
rigid  temperature  environment  specification  requirements.  As  happens 
with  many  types  of  electronic  equipments,  this  equipment  does  not  operate 
continuously  with  power  on  (therefore  with  constant  dissipation  of  heat), 
but  on  what  is  considered  to  be  a  cyclic  operation.  For  this  problem,  a 
step  function  change  of  temperature  is  to  be  programmed  into  the  chamber 
by  a  change  of  controller  "set  point"  from  7k*  to  190*  F.  The  problem 
to  be  solved  involves  determining  the  effect  of  certain  types  of  control¬ 
ler  actions  on  the  actual  response  of  a  temperature  environmental  chamber 
to  the  thermal  step  input;  also,  the  advantages  and  disadvantages  of 
different  types  of  controller  actions  (particularly  on-off  control  versus 
combined  proportional  and  reset  control  with  regard  to  the  response  of  the 
chamber),  cycling  characteristics,  and  effeot  of  eleotronic  thermal  load 
disturbances  are  to  be  evaluated. 


S.  Siegler,  J.  Q.,  and  Uchols,  /.  B. ,  Transactions  American  Society  Mechanical 
Engineers,  pp  59,  759  ( 1992) 
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The  analysis  is  initiated  by  placing  the  chamber  on  manual  (open  loop) 
operation  and  determining  by  the  Ziegler  and  Nichols  method  the  apparent 
dead  time,  L,  and  time  constant,  T,  of  the  chamber  system,  figure  2. 

Based  upon  the  chamber  as  an  open  loop,  analysis  is  made  to  determine 
closed- loop  response  with  various  types  of  control  actions.  Closed-loop 
response  involves  a  feedback  of  the  controlled  variable  to  the  summation 
component  of  the  controller.  The  summation  component  provides  a 
"deviation"  from  the  controlled  variable,  which  causes  the  controller  to 
provide  corrective  action  by  varying  the  manipulated  variable.  This  is 
the  way  the  chamber  operates  on  automatic  control. 

Operations  are  then  directed  toward  determining  the  open-loop  response 
without  any  control  action  of  the  chamber  system  as  a  function  of  frequency 
based  upon  the  knowledge  of  chamber  time  constant,  T,  and  dead  time,  L, 
obtained  from  figure  2.  Prom  the  value  of  T,  the  corner  frequency  (l/T) 
is  determined.  Ihis  and  the  knowledge  that  the  response  is  "first  order," 
are  all  that  are  required  to  draw  the  curve  for  magnitude  ratio  in  deci¬ 
bels  versus  frequency.  In  a  similar  manner,  knowing  that  the  phase  angle 
is  k5  degrees  at  the  comer  frequency,  the  curve  for  phase  angle,  0, 
versus  frequency  is  determined.  A  similar  procedure  is  used  to  obtain 
the  curves  for  magnitude  ratio  and  phase  angle  versus  frequency  for  dead 
time,L.  Since  the  data  given  are  in  terms  of  db  and  0,  the  total  db  and 
8  curves  for  T  and  L  are  obtained  by  simple  addition,  figure  3. 

At  a  frequency  beyond  a  phase  angle,  0,  of  180  degrees,  instability 
or  cycling  occurs  as  shown  in  figure  3.  In  brief,  beyond  a  frequency 
corresponding  to  180  degrees  0,  the  environmental  chamber  control  system 
is  not  stable  and  cannot  be  operated.  To  provide  for  situations  where 
operation  for  various  reasons  is  required  at  higher  frequencies,  various 
types  of  control^  actions  can  be  incorporated  into  chamber  controllers. 

In  the  following’  disfoussion,  the  relative  effectiveness  of  control  actions 
are  presented  for  this  particular  problem.  Since  this  paper  is  of  an 
introductory  nature,  the  four  basic  types  of  control  actions  are  first 
described: 

1.  Proportional  Control 

Proportional  action  is  a  mode  of  controller  action  where  a  continuous 
linear  relation  exists  between  values  of  the  deviation,  e,  (figure  2) 
obtained  with  the  closed-loop  system  and  the  manipulated  variable,  m. 

In  the  problem  described  herein,  the  manipulated  variable  is  the  power 
dissipated  as  heat  by  the  heaters.  Hie  proportional  sensitivity,  K.,  is 
the  change  of  manipulated  variable,  m,  caused  by  unit  change  of  deviation, 
e. 


Kc  -  m/e 


(1) 
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2.  Reset  Control 


Reset  action  (also  called  integral  control)  is  a  mode  of  control 
where  the  value  of  the  manipulated  variable,  m,  is  changed  at  a  rate 
proportional  to  the  deviation.  Thus,  if  the  deviation  is  doubled  over 
a  previous  value,  the  final  control  element  is  moved  twice  as  fast. 
Reset  control  follows  the  law  of: 

m  *  1/T-l  J  edt  +  M  (2) 

where  m  =  manipulated  variable 
T-l  *  integral  time 
e  =  deviation 

M  ■  constant  of  integration 
Die  operational  form  of  the  equation  is: 


m  = 


e 


(3) 


The  integral  time,  T^,  is  defined  as  the  time  of  change  of  manip¬ 
ulated  variable  caused  by  a  unit  change  of  deviation. 

3.  Proportional-Integral  Control 


Integral  control  action  is  often  combined  additively  with  propor¬ 
tional  control  action.  The  combination  is  termed  proportional-integral 
action  and  is  used  to  obtain  certain  advantages  of  both  control  actions. 
It  is  defined  by  the  following  differential  equation: 

m  -  Kg/Ti  J  edt  +  Kce  +  M  (]*) 

I;.  Proportional-Rate  Control 

A  rate  control  (also  known  as  derivative  control)  may  be  added  to 
proportional  control  action,  and  the  combination  termed  a  proportional- 
rate  control  action.  A  proportional-rate  control  action  is  defined  by: 


m 


Kce 


proportional 


+M 

derivative 


($) 


idler e  *  derivative  time 
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It  ie  the  simple  addition  of  proportional-controller  action  and  rate 
action  as  shown  by  the  operational  equations 

m  -  M  ■  Kc(l  +  TdS)e  (6) 

f>.  Proportional-Reset-Rate  Action 

The  additive  combination  of  proportional  reset  and  rate  actions  is 
termed  proportional-reset-rate  action.  It  is  defined  by  the  differential 
equation: 


m 


"c 

59 


+  koe  +  KoTd'e 


or 


m 


K, 

17 


r  J  edt  +  Kce  +  KcTde  +  M 


(7) 

(8) 


ANALYSIS  OF  PROBLEM 

Figure  3  shows  that  instability  occurs  at  a  phase  angle  of  180  degrees. 
Therefore,  the  ultimate  frequency  of  operation  shown  on  total  0  curve  of 
figure  3  occurs  at  0.78  radian/min  (0.121*  cycle/rain).  The  ultimate 
period,  which  is  the  reciprocal  of  frequency,  is  calculated  to  be  8.1 
minutes. 

The  ultimate  proportional  band,  PBu,  is  an  important  criteria  in 
determining  the  types  of  control  actions  required.  It  is  defined  as  the 
percent  input  change  per  100  percent  output  change  at  the  ultimate  fre¬ 
quency.  The  smaller  the  proportional  band,  the  greater  the  gain  of  the 
system.  Aotual  experience  shows  what  ranges  of  proportional  band  are 
required  for  different  types  of  control  actions.  For  any  value  less  than 
a  proportional  band  of  2  peroent,  on-off  control  is  reported  in  the  liter¬ 
ature  as  being  acceptable.  This  percentage  is,  in  effect,  a  measure  of 
the  overshoot  from  the  set  point  value.  Above  2  percent  and  up  to  100 
percent,  deviations  become  relatively  large,  and  various  combinations  of 
proportional  rate-and-reset-control  actions  are  required. 

Figure  3  shows  that  the  db  shift  for  PBu  is  taken  from  the  db  curve 
for  T  as  -l*l*db  at  the  ultimate  frequency  (180  degrees).  This  value  of 
db  converts  to  a  PBu  of  only  6  percent.  The  overshoot  is  therefore  less 
than  1*  F  for  the  step-function  temperature  change  of  +7U*  to  190*  F. 

Thus,  the  rate  of  response  period  and  amplitude  are  determined  for  on- 
off  control. 
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If  this  were  the  only  information  required,  the  problem  at  this  point 
might  be  considered  complete.  However,  if  the  analysis,  based  upon  a 
required  environmental  specification  condition,  were  not  satisfactory 
with  the  rate  of  response  of  the  chamber  using  on-off  control,  and  it 
was  desired  to  evaluate  the  response  of  the  chamber  using  proportional, 
rate,  and  reset  controllers.  To  do  this,  a  complete  analysis  would  be 
required,  relating  the  open-loop  to  closed-loop  performance  of  the  system 
and  including  the  effect  of  thermal  load  disturbances  inherent  in  the 
chamber  or  the  electronic  equipment. 

One  of  the  immediate  objectives  of  the  analysis  which  follows  is  to 
obtain  the  optimum  combination  of  proportional  and  reset  actions  needed 
to  provide  "close”  control  for  a  wide  range  of  disturbances  without  dan¬ 
ger  of  instability.  Close  control  is  provided  by  as  narrow  a  proportional 
band  as  possible  with  stability  because  the  high  gain  of  the  narrow  band 
causes  a  large  correction  for  a  small  deviation.  Control  over  a  wide 
range  of  disturbances  is  provided  when  the  180-degree  phase  lag  is 
obtained  at  as  high  a  frequency  as  possible.  Control  without  danger  of 
instability  is  provided  when  there  is  an  adequate  spread  between  the 
180-degree  phase  lag  frequency  and  the  frequency  where  the  total  gain, 
including  that  of  proportional  action,  is  1.0;  i.e.,  the  db  value  is  0. 

The  spread  of  the  180-degree  frequency  and  the  0-db  frequency  must 
be  of  the  right  amount  and  in  the  right  direction  to  allow  a  margin  of 
safety  for  a  specific  system  represented  by  the  frequency-response 
curves.  'The  margin  of  safety  depends  upon  both  curves.  For  the  final 
curves  (control  action  included)  the  db  value  at  the  -180-degree  fre¬ 
quency  must  be  a  safe  distance  from  0,  and  the  phase  angle  at  the  0-db 
frequency  must  be  a  safe  distance  from  -180  degrees.  Each  of  these 
distances  has  been  given  a  specific  name  -  "gain  margin"  and  "phase  mar¬ 
gin."  Experience  obtained  by  the  process  industries  shows  that  to  main¬ 
tain  stability,  the  gain  margin  must  not  be  less  than  3  db  and  the  phase 
margin  must  not  be  less  than  1*0  degrees. 

Margins  within  the  range  indicated  previously  are  conservative  and 
aimed  to  insure  stability.  Experience  shows  that  the  transient  response 
curve  for  the  measured  variable  (temperature  within  the  chamber)  after  a 
step  change  in  set  point  may  be  expected  to  cycle  with  about  a  one- 
quarter  decay  ratio. 

The  curves  for  gain  (db)  and  phase  angle  (0)  for  rate  action  are  not 
shown  on  figure  3.  However,  these  rate-control  actions,  when  used,  are 
added  to  total  @  and  db  curves.  Ihe  overall  effect  is  to  increase  the 
frequency  range  of  operation  before  crossing  the  -180-degree  phase  angle. 
Ihis  is  a  basic  purpose  of  rate  action. 

Ihe  overall  effect  of  rate  action  is  to  provide  in  the  closed-loop 
system  a  response  with  a  lower  amplitude  of  overshoot  and  a  shorter 
cycling  time.  Space  does  not  permit  a  detailed  presentation  of  all  the 
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steps  Involved  In  obtaining  the  curves  shown  in  figures  3  and  U.  However, 
these  steps  were  discussed  when  the  author  presented  this  paper. 

An  important  operation  is  to  identify  the  frequency  of  -180  degrees 
on  the  total  S  +  reset  curve,  read  the  db  value  at  that  frequency,  and 
compute  the  vertical  shift  required  to  m$ke  the  db  value  equal  the  nega¬ 
tive  of  the  suggested  gain  margin  (5  db).  Then  the  complete  db  curve  is 
shifted  vertically  by  that  number  of  decibels  and  the  crossover  frequency 
is  found  where  the  value  is  0  db.  This  point  is  projected  downward  to 
the  total  0  +  reset  curve  and  the  phase  angle  is  determined.  If  the  phase 
angle  is  between  -120  to  -II4.O  degrees,  then  that  db  rise  identifies  the 
required  FBu.  If  not,  a  U-to-1  attenuation  of  overshoot  will  not  be 
obtained,  and  it  is  necessary  to  find  a  compromise  position  for  accept¬ 
able  phase  and  gain  margin.  Whatever  the  compromise,  the  gain  must  not 
be  below  $  db. 

RELATIONSHIP  OF  THE  OPEN-LOOP  TO  CLOSED-LOOP  RESPONSE 

The  final  frequency-response  curves  for  open-loop  operation  are  shown 
on  figure  3.  The  loop  is  not  complete  because  the  signal  coming  from  the 
process  block  is  not  compared  with  the  set  point;  in  hardware  terms,  the 
controller  is  on  manual  operation.  For  a  closed-loop  system,  the  signal 
path  connects  the  findl  control  element,  b,  (figure  2)  to  the  terminal  of 
the  summation  component.  For  the  complete  control  system,  the  loop  must 
be  closed  by  comparing  the  process  block  output  with  the  set  point.  The 
comparison  forms  the  deviation,  e,  which  is  then  the  input  to  the  control¬ 
ler.  The  signal  recirculates,  and  the  loop  is  complete. 

The  open-loop  analysis  has  been  based  on  a  recognition  of  what  hap¬ 
pens  when  the  signal  is  recirculated.  When  the  open-loop  gain  is  1.0 
and  its  phase  lag  is  180;  degrees  for  a  signal,  that  Bignal  will  be  propa¬ 
gated  indefinitely  if  it  is  fed  back  into  the  controller.  A  standardized 
graph  can  be  used  to  find  the  closed-loop  curves  once  the  open-loop  curves 
are  known.  This  graph  is  the  Nichols  ploif  shown  in  figure  1;.  It  con¬ 
tains  two  sets  of  coordinate  curves  plotted  on  one  set  of  coordinates 
having  values  that  can  easily  be  read  on  the  other.  Figure  $  shows  the 
db  and  phase-angle  response  of  the  open  and  closed  loop  with  respect  to 
frequency. 

CLOSED-LOOP  TRANSIENT  RESPONSE 

In  general,  the  closed-loop  frequency  response  curves  of  many  process 
control  systems  resemble  closely  the  curves  of  second  order  lags.  Figures 
6  and  7  show  the  respresented  curve  shapes  of  magnitude  degree  of  simil¬ 
arity  to  second  order  systems.  In  the  plotting  of  these  curves,  the 
natural  frequency  is  taken  as  the  basic  frequency  point  and  is  defined  as 
having  a  value  of  1.0  on  the  frequency  scale. 


8.  Control  System  tngineering  by  Seifert,  V.  V.,  and  Steeg,  0.  tfcOrau  Bill  Books 
Co,  pp  189  (1980) 
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Figure  3  shows  that  the  closed-loop  db  curve  has  a  maximum  rise  of 
0.3  db.  From  figure  6,  a  peak  height  of  0.3  db  provides  a  damping  factor 
of  0.6.  The  peak  height  for  the  ourve  with  this  damping  cores  at  Wn,  the 
natural  frequency.  In  figure  3,  the  natural  frequency,  Wn,  is  at  0.18 
rad/rain.  Diis  corresponds  to  a  frequency  of  0.0283  cpm. 

It  is  now  possible  to  consider  the  problem  and  estimate  the  amount 
of  cycling  after  a  change  in  set  point  is  made.  Die  damping  factor  0.6 
determines  how  the  output  of  a  second  order  system  will  cycle  after  a 
step  change  input.  The  damping  factor  identifies  the  applicable  curve 
shown  in  figure  7.  Ihe  ourve  shows  how  the  response  will  change  in  time, 
except  that  the  horizontal  scale  has  a  product  time  and  natural  frequency, 
Wnt.  Therefore,  the  curve  is  normalized,  being  the  same  for  identical 
damping  factors.  To  determine  the  actual  response  vermis  time,  it  is 
necessary  only  to  divide  Wnt  by  the  natural  frequency,  Wn.  Die  results 
are  shown  in  figure  8.  Die  response  of  the  output  for  a  given  step  input 
is  now  determined  with  the  combination  controller  dial  settings  for  reset 
and  proportional  control.  Diis  information  is  of  considerable  importance 
because  it  provides  the  environmental  control  engineer,  before  performing 
any  tests,  with  information  as  to  the  suitability  of  the  environmental 
chamber  and  its  control  actions  in  relationship  to  the  environmental 
conditions  that  are  to  be  programmed.  Of  equal  Importance  is  that  the 
environmental  engineer  now  has  a  basis  for  comparison  of  advantages  and 
disadvantages  of  alternatives  regarding  various  control  actions  in  simu¬ 
lating  the  environmental  conditions  required. 

Die  advantages  and  disadvantages  are  revealed  from  a  review  of  data 
for  simple  on-off  oontrol  versus  the  more  complex  (and  expensive)  combi¬ 
nation  of  reset  and  proportional  control  actions.  As  indicated  in  fig¬ 
ure  8,  adding  the  reset  and  proportional  oontrol  action  actually  causes 
an  undesirable  overshoot,  calculated  to  be  19*  F  (1.16),  contrasted  with 
less  than  1*  F  for  on-off  oontrol.  Another  investigation7 ,  revealed 
that  on-off  control  is  best  suited  for  the  oontrol  of  single  capacitance 
processes  where  process  capacitance  is  large  and  dead  time  small.  How¬ 
ever,  with  reset  and  proportional  action,  the  set  point  is  reached  in  a 
shorter  period  of  time. 

EFFECT  OF  OFFSET 

Offset  or  static  error  occur  when  the  set  point  is  changed  from  one 
value  to  another  and  the  controlled  variable  does  not  exactly  follow, 
(figure  9)}  a  steady  deviation  from  the  desired  eonditlon  oocurs.  A 
low  value  of  proportional  band  (high  proportional  sensitivity  Kc)  reduces 
offset  and  decreases  stabilizing  time.  For  the  particular  temperature 
step  change,  the  problem  presented  shows  that  there  is  a  low  percentage 
proportional  band;  therefore,  on-off  oontrol  from  the  point  of  view  of 
"lining  out"  near  zero  deviation  from  the  set  point  value  was  suitable. 

7.  Automatic  Process  Oontrol  by  Ichman,  D.  P.,  John  Vi  ley  and  Son,  p  109  (1958) 
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Whan  offset  is  a  factor,  reset  control  action  defined  by  equation 
(2)  is  used  primarily  to  eliminate  this  condition.  Reset,  defined  in 
terms  of  repeats  per  unit  of  time,  does  what  proportional  action  oan  not 
do;  namely,  line  out  at  equilibrium  at  zero  deviation  from  the  set  point. 

When  reset  action  is  not  employed,  the  amount  of  offset  for  any  step 
change  can  be  determined  from  the  analytical  procedure.  The  closed-loop 
db  curve  (figure  5)  gives  a  graphical  estimate  of  the  amount  of  offset. 
Figure  5  shows  that  the  closed-loop  db  curve  levels  off  at  zero  as  is 
required  for  reset-control  action.  For  illustrative  purposes,  if  reBet- 
control  action  were  not  present  and  the  closed-loop  db  curve  leveled  off 
at  -1  db,  the  magnitude  ratio  would  be  valued  at  89  percent.  In  other 
words,  after  a  set  point  change  from  zero  offset,  the  variable  moves  89 
percent  of  the  way  to  the  new  set  point.. 

EFFECTS  OF  DISTURBANCE  SIGNALS  OTHER  THAN  STEPS 

The  environmental  analyst  would  like  to  know,  before  deciding  upon 
his  environmental  chamber  process  system,  whether  any  disturbances  that 
fire  characteristic  of  the  chamber  or  are  caused  by  the  electronic  equip¬ 
ment  will  adversely  affect  the  controller  accuracy.  For  example,  in  the 
specific  step-function  temperature  problem  described  herein,  the  analyst 
would  want  to  consider  whether  the  electronic  equipment  dissipating  elec¬ 
trical  power  as  heat  in  a  cycling  mode  would  cause  any  appreciable  dis¬ 
turbance  to  the  controller. 

To  evaluate  the  effects  of  the  continuous  cycling  disturbance  signals 
from  which  control  systems  normally  suffer,  the  data  of  figure  10  gives 
the  required  db  information.  In  the  oper(  loop,  a  cycling  disturbance 
produces  a  cycling  of  the  variable  when  the  control  variable  is  fixed  at 
the  position  required  to  maintain  the  variable  at  a  seleoted  point.  The 
difference  between  the  variable  and  the  seleoted  point  causes  cycling 
and  is  in  effect  a  deviation.  Figure  2  is  the  block  diagram  of  this 
operation.  For  a  specific  disturbance,  the  size-relation  between  the 
cycling  of  the  disturbance  signal  and  the  cycling  of  the  variable  sig¬ 
nal  depends  upon  the  disturbance  frequency. 

In  the  closed  loop,  where  the  control  variable  is  readjusted  by  the 
controller,  a  cycling  disturbance  signal  also  produces  a  cycling  of  the 
deviation,  e,  which  is  the  input  to  the  controller  whose  output  readjusts 
the  value.  The  readjustment  causes  the  deviation  to  cycle  in  a  different 
way  from  the  open-loop  cycling.  The  relationship  between  the  disturbance 
signal  size  and  the  deviation  signal  size  is  indicated  by  the  closed-loop 
db  curve,  and  is  also  dependent  upon  the  frequency  of  the  disturbance 
signal. 

The  difference  between  the  open-loop  and  closed-loop  db  curves  shows 
the  effectiveness  of  the  controller  in  making  sure  that  the  deviation 
signals  are  reduced  in  size  to  the  extent  that  control  is  maintained  at 
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required  levels.  The  actual  value  of  the  deviation  ratio  Is  obtained  by 
subtracting  the  db  value  of  the  open-loop  curve  at  each  frequency  from 
the  db  value  of  the  closed-loop  curve  (figure  5)  and  converting  the  dif- 
ference  to  a  "M"  magnitude  ratio. 

The  deviation  ratio  shows  what  effect  the  controller  accomplishes. 
Unfortunately,  it  may  develop  that  the  controller  for  certain  types  of 
disturbances  is  actually  doing  harm  by  causing  instability.  Where  the 
deviation  ratio  is  less  than  1.0,  the  controller  makes  the  peak  devia¬ 
tions  less  than  they  would  be  if  a  fluctuating  signal  were  inserted  in 
the  loop  and  the  measured  variable  were  simply  allowed  to  cycle  as  a 
result  of  such  fluctuations.  Where  the  deviation  ratio  is  more  than  1.0, 
the  controller  does  harm  because  it  makes  the  deviations  larger  than  they 
would  otherwise  be.  As  shown  in  figure  10,  controls  incorporating  pro¬ 
portional  and  reset  are  affected  by  equipment  heat  dissipating  disturb¬ 
ances  at  certain  frequencies. 

Were  the  deviation  is  1.0  or  less,  the  controller  does  not  affect 
the  peak  height  of  deviations.  It  is  important  for  the  environmental 
engineer  to  know,  before  initiating  tests  and  selecting  control  actions, 
the  nature  of  disturbances  and  whether  these  affect  the  control  system. 


CONCLUSION 

Nothing  has  had  the  same  impact  on  the  science  or  practice  of  engi¬ 
neering  as  have  the  transistor  and  the  electronic  computer  upon  the 
electronics  field,  or  the  supersonic  jet  aircraft  and  the  ballistic 
rocket  upon  the  field  of  aviation.  In  general,  the  chemical  and  mechan¬ 
ical  industry  has  not  been  directly  involved  in  the  tremendous  "techno¬ 
logical  cold  war,"  which  has  been  the  daily  product  of  companies  in  the 
electronics  and  aviation  industries.  Ihe  fact  that  the  Ninth  National 
Symposium  on  Reliability  and  Quality  Control  was  held  and  that  the  scope 
of  subject  matter  of  various  papers  covered  a  broad  range,  provides  evi¬ 
dence  that  the  electronics  industry  requires  the  assistance  of  its  sister 
industries  in  helping  to  provide  reliability  to  the  electronic  system. 

This  paper  is  considered  to  be  only  of  an  introductory  nature.  It 
has  presented  one  method  of  applying  systems  environmental  engineering 
techniques  and  has  covered  a  limited  technical  area.  The  problem  of 
environmental  systems  engineering  covers  a  broad  range  and  involves  many 
engineering  sciences.  Many  of  these  problems  involve  nonlinear  systems 
and  require  a  much  more  sophisticated  analytical  and  technical  approach. 
Others  require  considerable  more  experimental  data.  Certain  of  these 
problems  are  the  subject  of  investigations  at  the  U.  S.  Naval  Air 
Development  Center,  Johnsville,  Pennsylvania. 
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ELEMENTS 

VARIABLES 

°1 

Controller 

V 

Set  point 

<>2 

Final  control  element 

e 

Activating  signal 

°3 

Process 

m 

Manipulated  variable 

H 

Feedback  element 

c 

Controlled  variable  (temperature) 

b 

Feedback  variable 

M(t) 

Magnitude  of  change  in  units  of 
variable  being  changed 

L 

Dead  time 

N 

Reaction  rate  in  units  per  time 

K 

Magnitude  of  change  in  units  of 
recorded  variable  ( tenperature ) 

FIGURE  1 

-  Open-Loop 

Transient  Test 
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FIGURE  2  -  Environmental  Chamber  Temperature  Response  to  2-kw  Heat  Input 


FIGURE  3  -  Reset  and.  Proportional  Band  Adjustments  for  Chamber  Control  System 
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FIGURE  I4  -  Nichols  Chart  of  Temperature  Control  System 
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FIGURE  5  -  Closed-Loop  and  Open-Loop  Responses  of  Temperature  Control  System 
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FIGURE  6  -  Frequency  Response  of  Second  Order  Systems 
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FIGURE  8  -  Closed-Loop  Cycling  Response  to  Step  Input 
(Proportional-Reset  Control) 
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